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Abstract

Microfibers, asubcategory of microplastics, are an emerging pollutant with widespread
distribution in the environment and negative ecological impacts. While regulations have been
implemented recently to prohibit some forms of microplastic pollution, such as cosmetic
microbeads, microfibers have yet to be addressed. Regulatory action is likely deterred by
knowledge gaps regarding sources of microfibers and their potential impacts. As such, this
project seeks to analyze and contextualize microfiber pollution from synthetting.

The scientific literature review provides a background on the distribution and impacts of
microfiber pollution while also identifying key deficiencies in scientific knowledge to develop a
better understanding of the magnitude of microfiberaotp. Along with the literature review,

the experimental analysis of shedding from synthetic jackets supports the growing body of
evidence that synthetic apparel is a substantial contributor to microplastic pollution. Much of this
contribution is throughhie release of microfibers in washing machine effluent. The results

confirm the loss of microfibers via washing and indicate that clothing age, washing machine
type, and clothing construction significantly alter shedding characteristics. Further tedting wit
theapparel washing protocdevelopecdereinwould clarify factors influencing shedding

dynamics, such as water temperature and detergent type, and provide clear recommendations for
policy-makers and organizations to address microfiber pollution frantnegic clothing at its

source.



Acronyms

WWTP - Wastewater Treatment Plant

PBT - Persistent, bioaccumulative, and toxic substance
PCB - Polychlorinated Biphenyl

PP - Polypropylene

PE - Polyethylene

PS- Polystyrene

PA - Polyamide

PET - Polyethylene Terephthalate

EPS- Expanded Polystyrene

PVC - Polyvinyl Chloride

EVA - Ethylenevinyl Acetate

EPDM Rubber - Ethylene Propylene Diene Monomer Rubber

PUF - Polyurethane Foam



Definitions

Microplastics - Plastic particles less than 5 millimeters in diameter unless stated otherwise.

Microsynthetic fibers - Small plastic particles within the category of microplastics that are
fibrous in shape (< 5 millimeters long); commonly referred to as microfibers

Nanoparticles- particles between 1 and 100 nanometers¥frters) in size
Sorb - To take up and hold by either adsorption or absorption
Plasticizers- Additives that enhance the plasticity or fluidity of a material
Effluent - Final liquid dischargetdy a WWTP into a waterbody

Influent - Pretreatment water entering a WWTP

Biofouling - The accumulation of microorganisms, algae, or other organic pollutants onto a
surface. Such accumulation can occur on a microfiber surface.

Pilling - The formation of small balls of fibers on the surface of a jacket
Linear Density - Mass per unit length

pm 1 A micrometer, or micron, is onamillionth of a meter or onéhousandth of a millimeter.
For example, 300 um is equal to 0.3 mm.



Executive Summary

The prevalence of microfiber pollution in the environment is of increasing concern to
researchers, apparel manufacturers, and the general public. However, the knowledge of pollution
from syntheticmicrofibers, a subcategory of microplastics comsjsof small fibers shed from

clothing or other textiles, is limited. For the purpose of this report, weddamsmicrofibers

from synthetic clothing and textiles, the most prominent of these being polyester, acrylic, nylon,
and rayon.

As an outdoor dthing company that relies heavily on synthetic materials, Patagonia, Inc. is
increasingly concerned about their contributions to microfiber pollution. However, because the

vast majority of the public wears and washes synthetic clothing, this is notatedsaroblem.

To better understand the impacts of this emerging issue, Patagonia Inc. enlisted researchers at

UC Santa Barbarads Bren School of Environment
their behalf.

Through the experimental research andgin@litative analysis of current literature, this project
soughtto better understand how microfibers are distributed in the environment and the potential
impacts associated with the presence of microfibers. We also deglelgpotocol that can be

used byPatagonia and the apparel industry to better understand the quantity of microfibers shed
by their garments.

To better understand the emerging issue of microfiber pollution, we compiled an extensive
literature review of previous studies. The literatureawwevealed:

0 Finished apparel products contain large quantities of chemical substances from
processing and finishing steps in garment manufacturing, many of which are released
from garments during consumer washing. This indicates that microfibers @adio@lar
concern regarding their potential to transport hazardous chemicals into the environment.
Wastewater treatment plants (WWTPSs) receive large amounts of microfibers daily. While
most of these microfibers are removed, a significant amount isestidised into the local
environment. Due to the high capital costs of WWTPS, upgrading WWTPs is not a
feasible solution to microfiber pollutian the short term
0 Analysis of global water and sediment sampling data indicates that microfibers are
ubiquitousin aguatic environments. Recent evidence supports microfiber pollution
pervading terrestrial environments and the atmosphere as well. Although soil systems
may be the primary receptors of microfibers, microfiber distribution in aquatic systems is
currently the best understood.
0 Agquatic organisms throughout the food chain consume microplastics and microfibers
both directly and indirectly Within the food chain, these particles have been found to
cause physical and chemical impacts, resulting in starvatidmegproductive

O«



consequences in species. Microplastics and microfibers have also been found in marine
species consumed by humans, the effects of which are unknown. They have also been
found in abiotic ocean products like sea salt.

To quantify microfiber Bedding from washing synthetic jackets, we conducted a series of wash
experiments with four different types of synthetic Patagonia jackets and one budget fleece jacket
for comparison. The budget jacket is comparable in material composition and funciendd

the Patagonia jackets. To better understand what factors significantly impact shedding, we
evaluated the effects of washing machine type and the age of the garment on the mass of
microfibers released. The analyses showed that thlaopwashing mehine trials had.3
timestheaveragemicrofiber shedding of the frodbad machine trials and that aging of jackets
increased thaveragemass of fibers shealy 1.8times

The investigation revealed that microfibers are a pervasive polthtticbuld be affecting

ecosystems and humaealth. The study demonstratedeed for further research on shedding
characteristics of apparel and the development of mitigation measures by producers, consumers,
waste managers, and policymakers towards addetise issue of microfiber pollution.

Furthermore, the study was specific to four Patagonia jackets and one budget jacket; individual
manufacturers would need to conduct their own analyses of their product line in order to assess
their contributions to miosynthetic fiber pollution. They can do so using the experimental

design developed for this project.

Moving forward, we recommend the following areas of research be pursued:

O«

Apparel industry:

3 Effects offabric construction, washing machine type and iabomposition

3 Use of biebasedand biodegradableynthetic textiles

3 Possibility of reincorporating fibers shed in consumer washing phase in garment

manufacturing
Appliance industry:

3 Practicality and economic feasibility of attaching a filter on the duijpe of

washing machines

3 Effects of water temperature, cycle length, and other washing characteristics
Commercial and household laundry:

3 Factors influencing consumers to wash garments less frequently, switch to front
load washing machines, and take othercautionary measures to reduce
microsynthetic fiber shedding
Detergent additives that reduce fiber breakage
3 Ways for consumers to dispose of fibers responsibly

O«

O«
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1. Project Objectives

This project seeks to explore the potential impacts on the environment, to quantify
microsynthetic fibers released from synthetic jackets during washing, and to identify
opportunities for further researcBpecific objectives and deliverables include:

1) Understand the Impacts

Literature Review

We conducted a comprehensive review of the current literature on microplastic and
microsynthetic fiber pollution. It forms an #p-date understanding of the substances that
microfibers are coated with as well as the release, distribution, and ecologeats of
microfibers in the environment.

2) Quantify the Release of Fibers from Jackets

Experimental Design

We designed an innovative, replicable, and controlled experiment that can be used by various
companies, research institutions, and other orgdions interested in exploring microfiber

shedding. Our easily replicable protocol will allow product designers and sustainability managers
to assess the mass of microfibers that are released by their prody¢hénefere pirpointing

high and low sheders.

Model of Fiber Release
We created a model based on the literature review and experimental results to estimate the
amount of microfibers entering and exiting a wastewater treatment plant.

3) Make Recommendations for Further Research
We provide sugestions for innovative opportunities and outline further research questions.

Key Questions
This project focuses on answering four key questions:

1. What factors significantly impact shedding?
2. Where are the fibers present in the environment?
3. What are the ecological impacts?

4. What must be further researched?




2. Significance

Microplastic pollution in the environment is a prominent yet poorly defined issue. Microplastic
particles have been found on beaches and agricultural land as well as in lakes and oceans across
the globe, making this an international problem. While muckares has been done to identify
microplastics in lakes and oceans, little is known about their impacts on the ecosystems in which
they are found. Among the various types of microplastics that have been found in aquatic
systems, microfibers have been fouadbe the most prominent form in some habitait) high
concentrationsear dense human populations.

Patagonia, Inc. is part of an apparel industry that contributes to microfiber poliditesn

consumers wastheir syntheticproductse.g. polyester 8ece jackets, nylon running gear, etc.)
Information is lacking for Patagonia and the apparel industry as a whole in terms of the extent of
their role in microfiber pollution and, again, the impacts this pollution has on the ecosystems in
which it is found As suchthe Patagonia Plastics Project is assisting Patagonia in assessing the
guantity of microfibers shed by their products and the potential ecological impacts of those fibers
as well as develop recommendations to inform future steps to mitigagelivison.



3. Background

The contributors to and impacts of microplastic pollution are of increasing public concern, as
evidenced by recent state and federal legislation banning microbeads from cosmetic products
(California AB-888; H.R. 1321). Thesactions have forced changes in how the cosmetic

industry makes its products and have led to increasing concerns surrounding other categories of
microplastics, such as microsynthetic fibers, hereafter referred to as microfibers. Microfibers are
released bgynthetic clothing through regular wear and washing. Although no current legislation
related to microfiber pollution exists, the growing evidence that they are a hazardous issue could
lead to future regulatory efforts. Just as the cosmetic industry lzalhpd to the microbead bans,

the apparel industry will likely bear the responsibility for new microfiber regulations.

While the cosmetic industry was able to replace microbeads with natural alternatives such as

sand and nut shells that provided the sametfon as their plastic counterpattse apparel

industry faces a more difficult situatioflternatives to synthetic textiles are limited and struggle

to mimic the performance capabilities of materials like polygBteiting its replaceability

Sinceits invention int h e 1 tAeduBedisd demand for polyedtased clothing has grown

exponentially (See Figuigl) . According t o T epcebkentationof@reibi Ch e mo :
technical report of the textile industry, the growth of polyester was two to three times that of all

other fibers over the course of the last five years. By 2@2production is expected to reach 84

million metric tons. As demand fgolyesterises,its life cycle impacts should be of increasing

concern to policymakers.

Figure 3.1 Polyester fiber production is increasing exponentially

APIC 2014
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4. Literature Review

Microfiber pollution is an emerging issue in environmental management, yet very little has been
done in terms of synthesizing the availablf@rmation on them. As such, much of our review is

in the scope of microplastics with the understanding that microfibers have been found to be the
most prevalent form of synthetic particles in some aquatic environments (Browne et al., 2011).
We found thamuch of the current research on microfibers is disseminated across four major
categories: chemical substance coatings, fate in wastewater treatment plants (WWTPS),
distribution of microfibers in the environment, and potential ecological impacts. -dapih
compilation of each category's articles can be found in the literature review section (Appendix
A2).

4.1 Chemical Substances on Finished Garments

4.1.1Textiles industry

Technical garments coated with substances like nanoparticlebaaterialsand UV absorbents

shed microfibers during consumer washing and these substances are potentially transported to

the marine environment via microfibers. No literature was found to confirm that microfibers

transport these substances from finished garmentslgy consumer washing; hoc
out o effect of chemicals was studied and repo
of the apparel industry, chemical management in garment manufacturing, types of coatings
applied to gaoumenéesf eansds. Awash

The textile industry is considered one of the most polluting in the wigiidh, 2014. Harmful
chemicals and higknergy use in addition to water consumption, waste generation,
transportation, and nelmiodegradable packaging materials aspomsible for the resource heavy
life cycle of textiles and clothing.

Figure4.1 shows the business environment of the textiles industry in vgaichentroducers

usefabrics created from yarn, and then, cut and seemto make final products. The maityr

of the chemical use in textile production occ
washing, printing, and fabric finishing. These chemicals also persist in finished garments. While

not all chemicals have been tested, a small portioneof fike lead, flame retardants and certain
colorants have been identified as hazardous at high concentrations (Muthu, 2014). Despite the

small number of these chemicals, the global nature of the complex supply chain poses a

challenge to transparency forstiances used in textile procegsdue to lack of record keeping,

data sharingand proprietary chemical formulas



In most cases, brand owners trigger the product development process, including research and
design and, therefore, are in the best pla@®idrol the chemicals used in production processes
and the final product.

Figure 4.1 Textile supply chain
Chemical Industry Multinational/Local
Dyestuff and Chemical
Suppliers

Man-Made Fibers

'

Yarnformation _— Fabric Formation —» Wet processing —» Fabrication —» Products

* Fiber Preparation e Warping ¢ Preparation o Cutting
e Texturising e Slashing * Dyeing ¢ Sewing
e Spinning ¢  Weaving ¢ Finishing
T e Knitting * Printing T
Natural Fibers \ T / T
T Textile Producers Clothing Clothing

Manufacturers Retailers

Farmers and Growers (Traders, merchants & agents involved at various stages)

Multinational/Local Suppliers - Pesticides, Fertilisers and Seeds

Business ecosystem thfetextile supply chain.
SourceMuthu, 2014

4.1.2Chemical Coatings

Numerous chemicals and dyes applied to fabrics to provide specific functions. While

synthetic dyes provide colptextile auxiliary chemicals or finishes provide the functional
performanceDyes belonging to classes such as azo, cyanine, coumarin, xanthene,
naphthalimide, perylen¢hioxanthone, quinonoid, and naphtholactam are being used to provide
functions like water repellency as well as antimicrobial anddldgorbent properties to technical
textiles (Sekar, 2013). Nanotechnology is widely being used in the finishing of tederidak

and is improving existing functions and providing new complex functions. Nanoparticles like
titanium dioxide, silver, copper, zinc oxide, and carbon nanotubes are used to provide functions
like stain resistance, antibacterial, flamatardancy, W-blocking, antistatic etc. Gulrajani,

2013 . Enzymes are used in the textile processi
fibers to allow for betteadherencef dyes. However, they are currently not being used on an
industrial scale andra unlikely to be found in finished garments (Paul et al., 2013).



4.1.3Release pathways and potential risks

The presence of synthetic dyes and nanopatrticles in high concentrations in finished garments

poses a potential risk to human health and ecotoxicity via direct contact or chemical release from

washing a garment. Possible release pathways and sinks aretsHowr{Figured.2).

!
Aquatic '
ecosystem .

Soil
ecosystem

Textile

Release
of fiber

Disposal
=

Chemical release pattern from textiles.
Source: Luongo, 2015

Pathways of chemical release from textiles.

‘ Currentfocusarea

A study conducted in Sweden tested for the presence of quinoline and its derivatives in finished
garments manufactured in at least 17 countries. Quinoline was found in all garments made from
100% polyester, and the highest levels were found in the palygesteles. Quinolone is a class
of compounds used in dyes and certain classes of quinoline compounds are skin irritants and/or

probable humanarcinogensl{uongo et al., 2014).

Researchers at Stockholm University conducted experiments to quanfifyttze s h

out o

ef f e

chemicals from garments in the laundry wash phase. Concentrations of quinoline, benzothiazole,
benzotriazole and derivative compounds were quantified in the garment after 5 and 10 washes.
Results showed that different chemicals hateoeht washout effects with the loss range being

20% to more than 50% after 10 washings. The demonstrated that significant amounts of the

chemicals remain in the clothes for a long time and thus have the potential of a chronic impact on
human health whiléhe released chemicals enter household wastewater (Luongo, 2015).

Another study tested the presence of pad polyfluorinated chemicals (PFCs) in 36 of the 40
outdoor products sampled including jackets, trousers, footwear, backpacks, tents, sleeping bag

and ropes. The highest concetitnas of total volatile PFCs wefg000 pg/m in footwear
(Santen, Brigden, & Cobbing, 2016). PFCs are persistent in the environment, detected in the



environment, plants, animal, fish, and birds as well as human bloduteast milk (Santen,
Brigden, & Cobbing, 2016/V/hitacre, 2008)and here is evidence dheir causindiver toxicity
in animals and reduced fertility and birth weight in humans (Webster).2010

These studies indicatkat chemicals found in finished gagnts could pose a serious threat to
human health and the environment if their concentrations are not monitored. While monitoring
does not prevent harm, it is the first step toward managing this issue.

414Appar el |l ndustryods Restricted Substar

While global oversight is lacking, there is stringent legislation on chemical substance regulation
for American and European brands. Occasionally, apparel companies make internal decisions to
restrict the use of substances identified as hazardous to tkersjaconsumers or the

environment. The American Apparel and Footwear Association (AAFA) created a list of such
substances in 2007 and companies like Nike, Levi Strauss, VF Corporation, Puma, Patagonia,
and others have modified versions of this list aggflie to each products ranging from footwear

and apparel for infants to sports and electronic equipment. Lists include the maximum allowed
concentration, test methods, and reasons for ban or restricted use (American Apparel & Footwear
Association, 2013). flese lists are communicated to suppliers with an expectation to comply

over a set time period (VF Corporation, 2015).

In 2007, the European Commission implemented Registration, Evaluation, Authorization and
Restriction of Chemicals (REACH), a regulatitvat stemmed from its commitment to protect
human and environmental health from hazardous substances. The regulation shifts responsibility
from public authorities to industry, with regards to assessing and managing the risks posed by
chemicals and providingppropriate safety information for theisers(EuropearCommission).

Microfibers areikely responsible for transporting chemical substances from apparel products
into the environment. It is therefore important for further research be developed in this area.

4.2 Wastewater Treatment Plants

Wastewater Treatment Plants (WWTPSs) play acaitiole in the fate and transport of

microfibers into the environment. In countries with sewage infrastructure, the greywater
generated by washing machines is discharged into the local sewer system. This influent is treated
by the WWTP and then dischargasl treated effluent, which is released into water bodies such

as rivers, streams, and oceans.

Numerous studies have found evidence of microplastic and microfiber contamination in WWTP
influent, with varying levels of incoming microfiber concentrationl{f€&.1). These variations
are likely due to differences in sampling methods; for example, the study of the Lysekil, Sweden


http://ec.europa.eu/growth/sectors/chemicals/reach/index_en.htm

WWTP only analyzed fibers 300 um and larger while other studies analyzed fibers 20 um and
larger (Talvitie et al., 2015). Variations can also be attributed to the time of day and season of
sampling. (Talvitie et al2015). Apart from the Viikinmaki, iland WWTP, all of the WWTPs
studied had higher concentrations of microfibers than microplastics. As such, it is likely that
microfiber pollution accounts for the majority of the microplastic contamination reaching
WWTPs.

Table 4.1 Microfiber and microplastic concentrations in WWTP influent.
Wastewater | Microfiber Microplastic Treatment
Treatment Concentration | Concentration | Volume
Plant (fibers/m?3) (particles/m?3) (m3/day)
Paris, France 290,000 0 240,000
Viikinmaki, 180,000 430,000 270,000
Finland
Lysekil, 10,700 4,400 5,160
Sweden
St. Petersburg, 467,000 160,000 950,000
Russia

Reported average microfiber concentrations (fibetsémd microplastic
concentrations (particlesAnin influent and volume of wastewateeated per
day (n¥/day).

Sources: Talvitie & Heinonen, 2014; Gasperi et al., 2015; Magnusson & Norén, 2014
Talvitie et al., 2015

Using the daily treatment volume, the quantity of microfiletering WWTPSs ranged from 550
million fibers/day to 44Million fibers/day. Since the ability of WWTPs to remove microfibers
determines how many microfibers are released into the aquatic environment, WWTP removal is
a critical component in the fate and transport of micro fibers. The mass of microfibersdrelease
by synthetic clothing into the environment will strongly depend on whether wastewater from
washing machines is treated and the effectiveness of treatment.

Once influent wastewater is treated, it is released as effluent into a water body such as a stream
river, or ocean. The area of influence of this discharge depends on the location and design of the
WWTP outfall. Effluent discharge often contains suspended solids, such as microfibers, which



are not removed during the treatment processes. The coniogrsti@t microfibers in effluent
have been found to range from as few as 4 to as many as 160,000 fil§€adi®@4.2). This is
equivalent to 0.08 mg/frio 3360 mg/m, using an estimated linear density of 0.03 mg/mm for
polyester or nylon textile fibers ameh assumed average fiber length of 0.7 mm per fiber
captured in the studi¢Mepex, 2014).

Comparing the influent and effluent concentrations from each WWTP studied indicates a
removal rate of 689.9%. The majority of microfibers appeared to be remaleshg primary
sedimentation and mechanical removal, and secondary sedimentation had little effect on
microfiber concentrations (Talvitie & Heinonen, 2014; Gasperi et al., 2015; Talvitie et al., 2015).
Lysekil, Sweden, had much lower concentrations of ofilcers in its effluent.

There is a greater proportion of smaller microfibers in WWTP effluent, which indicates that
smaller fibers are more likely to make it through the WWTP process (Gasperi et al., 2015). This
difference in filtration size indicatekdt studies analyzing 300 um and larger fibers might not
capture the true amount of fibers released.

Table 4.2 Microfiber and microplastic concentrations in WWTP effluent.
Wastewater Treatment | Microfiber Concentration in
Plant Effluent (fibers/m?3)
Paris, France 32,000
Viikinmaki, Finland 13,800
Lysekil, Sweden 4.00
St. Petersburg, Russia 160,000

Reported average microfiber concentrations (fibesimwastewater treatment
plant effluent.
Sources: Talvitie & Heinonen, 2014; Gasperalet2015; Talvitie et al., 2015

Despite the efficient removal rates in WWTPs, a large number of microfibers do escape the
treatment process and enter into the environment each day. For example, based on a discharge
rate of 270,000 Atday, the Viikinmaki, Finland WWTP, discharges 3.73 billion fibers per day.
Using theapproximate linear density of polyester and nylon textile fibers offa@&m, this is
equivalent to a discharge ©8.3kg/day of microfibers into the environment. Tdischarge of



this effluent could have a significant effect on the water bodies into which effluent is released,;
high microfiber concentrations have been found in sediment and ocean samples around WWTP
effluent pipes (Magnusson & Norén, 2014; Talvitie et2015). Additionally, microfibers

discharged in effluent are more mobile in the environment than other microplastics. At the
Lysekil WWTP, an equal portion of microfibers and other microplastics were discharged from
the effluent pipe into the ocean; howee, only microfibers were found in the seawater samples
around the effluent pipe (Magnusson & Norén, 2014).

4.2.1Microfibers in Sewage Sludge

Even if WWTPs were 100% effective in the removal of microfibers, they can still enter the
environment in thedrm of sewage sludge, a byproduct of the wastewater treatment process. Due
to its nutritional and organic content, sludge is increasingly being applied to farmland as
fertilizer (Habib, Locke, & Cannone, 1998; Zubris, 2005). This application has generated
concern regardinthe transfer of pollutants found in this sludge, including those attached to
microfibers, to the environme(ubris 2005). The majority of the microfibers retained in the
wastewater treatment processes are retained in sewage sludger{€tal., 2015; Talvitie et

al., 2015). Additionally, the presence of microfibers has been used as an indicator of the
application of fertilizer products containing sewage sludge (Habib, Locke & Cannone, 1998;
Zubris, 2005). Microfibers have been foudpersist throughout numerous methods of
repurposing wastewater sludge, including biosolid pellets and fertilizers (Habib, Locke &
Cannone, 1998). These fibers were present up to 15 years after the application of products
containing sewage sludge (Zubi2§05).

This persistence indicates that microfibers from sewage sludge are being retained in the
terrestrial environment. The presence of microfibers in sewage sludge products indicates that the
benefits of a high removal rate in treatment plants mayibanderstood: according to the

principle of mass balance, removing conserved mass from one compartment results in its
relocation into another compartment. This is the case with the WWTP removal of microfibers,
which then are destined for soils whereiayttmay accumulate or become mobile. The current
WWTP removal rates only account for microfiber removal from the influent and do not take into
account microfibers in sewage sludge, the application of which presents a pathway for
microfibers to be introducedto the environment.

WWTPs are a large source of aquatic microfiber contamination. Despite the efficiency of
removal from the aqueous phalsgge quantities of microfibers aséll released both directly
and indirectly into aquatic habitats via WWTPs. To better understand the role of WWTPs in
marine microplastic pollution, further research needs to be done on how microfibers are
transported into the marine environment from agevsludge and effluent.
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4.3 Distribution

Global sampling data has shown a ubiquity of microfibers in aquatic environments and
distribution throughout atmospheric and terrestrial environments as well. Literature on the
distribution of microfibers waprimarily focused on the presence or absence of polyester,
polyethylene terephthalate, rayon, and polyamide fibers; all of whiatoareected tohe textile
industry. Distribution papers on micrand macroplastics were also used awdelfor the
movemat patterns of microfibers.

Figure4.3 displays a conceptual box model of how microfibers can be distributed beyond the
garment manufacturing stage into each ecosystem. After a jacket is constructed, fibers can be
released into the air from the cuttingppess and eventually fall back down onto the terrestrial or
aguatic ecosystem. When a jacket is purchased and washed, the fibers can transfer to either a
WWTP or the terrestrial environment through greywater application. As discussed earlier, the
WWTP cansend the fibers directly into the marine ecosystem via discharge pipes or to the
terrestrial ecosystem as biosolids. Based on the large residence time of microfibers in soil, large
volumes of fibers could flow from the terrestrial ecosystem to the agudi@re the distribution
patterns are best understood.

11



Figure 4.3

Microfibers are distributed through atmospheric, terrestrial, and aquatic
ecosystems.
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4.3.1 Aquatic Ecosystems

After release froftWWTPs, microfibers are distributed throughout the local water bodies into
which effluent is discharged. The aquatic distribution can be broken down into four distinct
sections: rivers, lakes and reservoirs, marine surface waters, anrsedesgpdiments. Ese
environments are potential sinks of microfiber pollution and pathways of transport. Studies have
examined the presence and concentrations of microfibers in these environments, with a particular
focus on surface waters and sediments as two primary atation zones. Given that polyester

is denser than seawater but also hydrophobic, it is unclear what proportion of microfibers would
float on the surface as opposed to settle into sediments. Additionally, hydrophobic coatings may
further alter the buoyanayf synthetic fibers.

4.3.1.1Rivers

Effluent from industrial processes and WWTPs is commonly discharged into local river systems,
providing a pathway for microfibers to enter freshwater environments. Several studies have
found polyester or PEparticles and other synthetic fibers in river systems located nesmn ur
centers (Appendix Table A.1As the particles and fibers travel downstream, a portion of them
accumulate in sediments along the river bank and at the river mouth while the résuitse
downstream to be released into the ocean (Klein et al., 2015; Browne et al., 2010).

Some of the fibers may remain close to the river mouth while others would be transported from
the river mouth by currents into deeper ocean sedimgatagiewcz et al., 2016). Floating

fibers would be carried further offshore into ocean gyres while sinking fibers would accumulate
near the river mouth and be transported along the oceanMeasurements of microplastic
concentrations near river mouths havepsarted the idea of river outlets as a major sources of
microplastic pollutants in both surface waters and sediments (Zhao et al., 2015; Browne et al.,
2010).

4.3.1.2Lakes and Reservoirs

Another destination for microfiber pollution is in the waters asairments of lakes and

reservoirs. In these slower moving water bodies, plastic particles settle out from the water

column, accumulating in sediments along the shoreline and throughout the water body. Several
studies of lake sediments and surface waters fawnd an abundance of microplastics, although

PET and polyester have not been found in high concentration among these samples (Zbyszewski

& Corcoran, 2011; Appendix Table ). Furthermore, methods for surface sampling of

microplastics have failed to cape small textile fibers because of the common use of the manta
trawl, a net that collects microplastic sampl
study by Kang et al. (2015) conducted samplin
hand nebff the southeastern coast of Korea, finding thatmanta trawl did not capture a
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significant proportion of microfibers and other microplastidsis suggests that studies using
manta trawl sampling may be unable to detect the full extent of micrgiitetion.

The concentration of microplastics around lakes is highly variable, with acute accumulation

zones along narrow stretches of shoreline and small areas of surface water in most lakes of study
(Eriksen et al., 2013; Zbyszewski & Corcoran, 2011anthet al., 2015; Free et al., 2014). These
shoreline accumulation zones were often directly correlated with human populations, indicating
that ecosystems near populous areas would be most impacted by microfiber pollution.

4.3.1.3Beaches

Initial research on the distribution of microplastics by Thompson et al. (2004) found microfiber
pollution on all 17 beaches studied around the world. Analysis of these fibers showed that they
contained nylon and polyester, establishing a possible linkage betveeapparel industry and
microfiber pollution. A later study by Browne et al. (2011) strengthened this connection by
finding that microfibers from 18 different beaches across the world were predominantly
polyester (56%) and acrylic (23%). However furtresaarch on beach sediments has not found
similarly high concentrations of synthetic textile fibers in beach sediments, which may be an
indication of the heterogeneous distriloatiof microfibers (Table 8).

In the coastal zone, negatively buoyant mitrefs (denser than 1.03 g/&mwould travel along

the seafloor into deeper sea sediments, which may explain the presence of polyester fibers
(density of g/c) in deep ocean sediments (Figuré Zalasiewiczet al., 2016

14



Microfibers are dispersed throughout the entire water column.
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4.3.1.4Surface Water Distribution

In an early study on microplastics, Thompson et alD4p@und that microfiber concentrations

in historical surface water samples correlated with the production volume of synthetic fibers in
manufacturing (Figurd.5). This study also provided one of thest links between the chemical
composition of microfibers in the environment and materials used by the textile industry.

Microfiber pollution has kept pace with plastic production.
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There is a distinct relationship between microfibers in historical seawate|
samples and the volume of synthetic fiber production.
Source: Thompson et al., 2004

Similar to the distribution pattern of large plastic debris, buoyant microfibers are dispersed
across ocean surface waters by prevailing winds and surface currents (Eriksen, 2014;
Zalasiewicz et al., 2016). This movement pattern results in the accumufiroaroplastics in

the convergence zones of the five large subtropical gyres (North Atlantic, North Pacific, South
Atlantic, South Pacific, and Indian Ocean). Considering the Northern hemisphere is more
densely populated than the Southern hemisphermage@ns would be expected to contain larger
guantities of microplastics and, therefore, buoyant microfibers. However, Eriksen et al. (2014)
discovered an equal distribution of plastics across both hemispheres (seelfBgumdicating

easy transport beeen gyres and across hemispheres.
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Surface water microfiber pollution is spread equally across bo
hemispheres.
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Source: Eriksen et al., 2014

4.3.1.5Deep Sea Sediments

Deepsea sediment sampling h&vealed that a large quantity of fibers are sinking through the
water column and settling in despa sediments. Woodall et al. (2014) reported an abundance of
1.4 to 40 microplastics per 50 mL of sediment in varying locations throughout the NorthAtlanti
Ocean, Mediterranean Sea, and Southwest Indian Ocean. In this study, plastic microfibers were
found in all samples, including sediment cores and coral colonies. Their qualitative comparison
also indicated that microfibers in despa sediments were foorders of magnitude greater in
abundance (per unit volume) compared with heavily contaminated surface water gyres. Cozar et
al. (2014) analyzed 3,070 global samples and further reinforced this hypothesis of the gap in
microfiber abundance, suggestingtha¢ ns of t housands of tons of
from the surface. The authors ascribe the sinking to multiple possible factors including (1)
ingestion of fibers and subsequent sinking via fecal pellets, (2) biofouling by microorganisms or
pollutants (3) nanefragmentation, and (4) shore deposition. All of these would have tremendous

i mpacts on ecosystems and food chains, furthe
presence in the marine environment.
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4.3.2Terrestrial Ecosystem

While fibers can transfanto the terrestrial ecosystem from the atmosphere, the primary pathway
is through greywater or biosolid application. Currently in the WWTP prooesstmicrofibers

settle out and are retained in sewage sludge (Gasperi etld;, TAvitie et al., 2015).

Considering that biosolids are increasingly being applied to land as fertilizers, the terrestrial
environment could act as a significant sink for microfibers. However, based on the residence
time of synthetic textiles and theckaof biodegradability, it can be assumed that a large volume

of fibers will ultimately enter aquatic environments via runoft.

4.3.3 Atmospheric Ecosystem

To date, very few studies have investigated microfibers in the atmosphere. Nascent research by
Dris et al. (2016) in Paris indicated that atmospheric fallout can range between 2 and 355
particles/m/day. Fluxes were also significantly higher in more urbanized areas. Surprisingly,

only 29% of sampled fibers were synthetic (made with petrochemicals)agtbeerest were

natural (cotton or wool) or a mixture of natural and synthetic material. The lack of currently
available studies indicates that the fate and transport of microfibers in the atmosphere needs to be
studied further.

4.4 Ecological Impacts

4.4.1 Consumption

Given that in many environments synthetic fibers are the predominant form of microplastic (up

to 85% in intertidal zones), it is likely that many of the microplastics being consumed by
freshwater and marine organisms are microfibers shed from clothingyduaishing (Mathalon

& Hill, 2014; Browne et al., 2011). From the lowest trophic levels to the apex of the food chain,
microplastics have been recovered from the gastrointestinal tracts and tissues of zooplankton,
shrimp, mussels, pelagic fish, and whdl@sle et al., 2013; Devriese et al., 2015; Mathalon &

Hill, 2014; Neves et al., 2015; Besseling et al., 2015; Lusher et al., 2015). The consumption of
these microplastics is not always directly from the surrounding ocean waters, however, as natural
trophictransfer between organisms in a marine food web have been observed (Farrell & Nelson,
2013).

The ingestion of microfibers by zooplankton, benthic organisms, and mussels can be more
harmful than the consumption of microbeads, another common microftastatin aquatic
ecosystems. Given their spherical shape, microbeads can be passed relatively easily through the
gastrointestinal systems of these smaller organisms. However, the characteristic shape of
microfibers lends itself to becoming entangled witeo fibers in the intestinal tract, which can
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result in a norbiodegradable gut blockage. This can give the organism a false sense of satiety

and affects their ability to process real food, potentially leading to starvation (Cole et al., 2013).

This is less of an issue in larger organisms such as fish and whales as their gastrointestinal tracts

are large enough to pass fibers, though some might still become embedded in the lining of the
organi smés intestines (Besseling et al., 2015

Filter-feeding specsuch as mussels and oysters are particularly susceptible to microplastic
consumption because they filter large volumes of water, thereby ingesting suspended plastics.
Sussarellu et al. (2015) found that oysters that consumed microplastics producexhtéwer

smaller egg cells, slower sperm, and, as a result, fewer larvae. In addition to the inadvertent
consumption of microplastics by marine species, smaller organisms can actually be attracted to
eating microplastics instead of just accidentally consuniiamt Cole et al. (2013) found that
microplastics can develop biofilms while in the marine environment, which can elicit a
Achemosensory responseo and |l ead to increased
are a foundation species in the marine foot) aed their ingestion of microfibers could have a
two-fold effect: 1) intestinal blockages from microfiber consumption could lead to population
declines as a result of starvation and 2) the consumption of copepods by countless marine species
could introdue microfibers into the food chain which could lead to the bioaccumulation of

fibers. As shown by these two examples, microfibers can have a diverse impact on marine
organisms.

While the presence and physical impacts of microfibers have been documentdtiple

species, little is known about potential chemical effects of ingestion. As mentioned previously in
the chemical substances section, many synthetic fibers are coated with toxic chemicals to
enhance garment performance. This is especially truaufdoor and adventure gear such as that
produced by Patagonia (Internal communication, April 2015). Shed fibers not only transfer
surfaceassociated toxic compounds into wastewater effluent during washing but also sorb other
chemicals that they encountertbauring the wastewater treatment process and in the marine
environment (Mato et al., 2001; Teuten et al., 2009). When aquatic organisms ingest coated
microfibers, they are also consuming the toxic compounds that have attached themselves to the
fibers,wh ch can | ead to the transfer of these che
Ryan et al., 1988).

Despite the potential circumstances of pollutants sorbed to microfibers, little research has been
done to assess the direct effects these tmagpounds might have on organism physiology.
Rochman et al. (2013) performed one of the few studies to directly evaluate the health effects
and potential bioaccumulation of toxic chemicals from microplastic pollution, which it assessed

in the Japanese mdgafish. After two months of exposure, the fish in the marine plastics

treatment group (those that had been exposed to plastic particles from a marine source) exhibited
higher concentrations of PBTs than the control group. The marine plastics grouppaled sh

signs of liver stress not found in the control group. Other studies on general consumption of
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plastic compounds, not specifically those associated with microplastitisess, have found
that the most widely used plasticizers, such as phthalateBR¥dcan affect reproduction and
development in mollusks, crustaceans, and fish (Oehimann et al., 2009).

As consumers of vast quantities of seafood, humans are also susceptible to microplastic
ingestion.Cauwenberghe & Janssen (2014) estimatedethetyearregular consumers of

European shellfish can ingest up to 11,000 microplastic particles, many of which are fibers. A
study by Romeo et al. (2015) found microplastics in the stomachs of swordfish as well as bluefin
and albacore tuna, species that aresamed widely by people. It is important to note that
microfibers are primarily found in the gastrointestinal tracts of these species, which are not
commonly consumeddowever, bivalve and shellfish species that are ingested whole could
potentially introdge an unknown quantity of toxic compounds into human bodies. While the
presence of microfibers in commonly consumed species indicates the likelihood of human
contamination, a large knowledge gap exists in terms of the effects of ingesting microfibers and
the potential risks associated with human he8lthdies have indicated that high concentrations

of chemical compounds often found on microfibers are associated with alterations in the normal
function of the human endocrine system, impaired brain develuptearning disabilities, and
increased incidents of cancers (Talsness et al., 2009; OHI, 2013). As such, the U.S.
Environmental Protection Agency is currently studying the human health impacts of microfiber
consumption.

4.4.2 Ecosystermwide

Aside fromconsumptive impacts on individual organisms, microfiber pollution can have
ecosystenrwide impacts. Goldstein et al. (2012) found a positive correlation between the
abundance of microplastic particles and a pelagic insect population size in the North Pacifi

Subtropical Gyre. The increase in the insect

Asubstrateo, i.e. microplastic. Usually a |
provided more area for the insects to lay their e@dsle the increase in these insects is

beneficial for its predators, they prey on zooplankton, a cornerstone of the marine food web,
whose populations could be negatively affected by increased insect abundance. Though this
study was not specifically lookinat microfibers, the findings are an example of the ecological
shifts that are possible as a result of microplastic pollution, of which microfibers are a substantial
proportion.

Microfibers could also contribute to the alteration of the physical pregestibeaches and,
consequently, a variety of shoreline taxa. Carson et al. (2011) investigated shoreline sediment
profiles contaminated by microplastics and discovered that sediments with plastics were more
permeable and warmed more slowly (16% maximuoredese in thermal diffusivity) than

control samples. The authors hypothesize that the change in thermal properties could have
significant consequences on sea turtles, whose sex determination is dependent on sediment
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temperature. Eggs buried underneathtagould need longer incubation periods due to the
temperature decrease and could result in a greater number of male hatchlings.

The large surfacareato-mass ratio of microfibers allows them to sorb concentrated amounts of
toxic compounds, and, becadg®ers are highly mobile in aquatic systems, they can serve as
vehicles for transporting pollutants from doeationto another (De Tender et al., 2015).

Bacterial assemblages have also been found on the surface of microplastic fragments and fibers;
oftentimes, these communities are substantially different from those normally found in the water
column of that ecosystem (McCormick et al., 2014; De Tender et al., 2015; Zettler et al., 2013).
The high mobility of microfibers combined with their sorbing cleteastics could lead to

widespread contamination of connected aquatic habitats as well as the introductiomativen
bacteria, which may hav@nsequences forative organisms and ecosystem dynamics.
Furthermore, these characteristics could haverdeirial impacts on human health. In a study of
aguatic habitats both upstream and downstream of a WWTP, McCormick et al. (2014) found that
one of the most prominent bacterial assemblages found on the microplastic particles in their
study was from the familampylobacteraceaevhich includes multiple taxa associated with

human gastrointestinal infections.
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5. Methods

5.1 Washing Methodology
5.1.1 Garment Selection

Wash trials were conducted in PatVegiwayi ads tes
California eee Figureb.1 for conceptual graphic). Synthetic jackets used in the experiment were
chosen based on their expected shedding poten
product line. In total, the sample consisted of foun§ania jacket types produced in 2015 and

one budget jacket. The body of Patagonia B, C, D was composed of polyester blends, while the
Patagonia A6s body was ¢ omply $he shsulatbnfd 00 % nyl on
Patagonia A however, was made ofyasiter. In addition to the four Patagonia jackets, a

synthetic fleece jackéBudge) composed of 100% polyester was selected as the budget version

of Patagonia D for comparison purposes. The study was done in triplicatesftéoad

washing and quadrlipatesfor top-loadwashing.

Table 5.1 Body fabric compositions of the five jacket types testeq
Jacket Description
Patagonia A Technical norfleece synthetic jacket]
Patagonia B Synthetic fleece pullover
Patagonia C Synthetic fleecenidlayer jacket
Patagonia D Synthetic sweater fleece jacket
Budget Budget synthetic sweater fleece jac

5.1.2Garment Age and Washing Machine Type

For each jacket type, brand new garments were individually washed idaatbyashing
machine (modeMhirlpool WET3300XQ1).The machine settings were set to extra small
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capacity (43 liters capacity) for a regular warm wash cycle for 30 minutes. Reguiaater

provided by Ventura municipal water supply was used for the trials and throughout the washing
process. The output water @4liters) was collected in a large rain barrel. After stirring the

barrel, 5 liters was filtered through a custdesignediltration column Eigure5.2, height = 82

inches, diameter = 4 inches). Inside the column was a sequence of 333 um and 20 pum sized mesh
filters through which the wash water was filtered, and onto which microfibers were collected.
Filters were replaced feach replication anpreservedn petri dishesat room temperaturir

fiber massing.

After being washed for the first time, jackets were then subjected to an aging treatment. To do

so, the jackets were placed in a2 ur A k i with eld watemars haospin cycle

(Whirlpool).Pat agoni adés research & development team
aging of a garment after a lifetime of laundering

After this simulated fAagingd process, the sam
repeated for the aged jackets. This process of washing brand new jackets and aged jackets was
repeated for all five jacket types ina@p-loadmachine and the shed fibers were collected each

time by removing the filters, which were then stored in petriedigfurchased from Thermo

Fisher to prevent contamination.

This proces®sf washing new and aged jackets and storing the filters was then repeated in a front
load washing machine (Whirlpool). The output water was approximately 35 liters. A detailed
descripion of the procedure can be found in Appendix A.1.

5.1.3Specifications

The wash settings throughout the experiment and for both washing machinextnaesmall

(load size), warm (water temperature), and regular wash (cycle) without detergent. Detergent use
was avoided given its potential to clog the filters (Browne et al., 28&tyveen each garment
washing step, an empty wash (extra small capacity, sxtedl load, regular cycle, 10 minutes)
with hot water was run to remove any fibers remaining in the machine. The complete removal
was not verified, but the fibers captured during this cleaning cycle were massed on filters
similarly to the garment aging dgs. The filters were purchased from Aquatic Research
Instrumentsldahoand were made of Nitex® mesh. The filter column was made from a 3 inch
diameter ABS pipe and PVC couplers purchased at Home Ddpofilters were stored at room
temperature in petdishes (138.9 mm diameter, triple vent, 21.2 mm height, aseptic) purchased
from Thermo Fisher, Portland after they were removed from the filter column to prevent
contamination.
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Figure 5.2. Filtration column with height specifications

5.2 Massing Methodology

After the washing machine trials were completed, the samples were transported to the laboratory
facilities of the Bren School of Environmental Science & Management for further processing and
analysis. To obtain dry weights of the samples, the petri disbesplaced on a metal rack in a
sealed plastic box containing DasRpd Moisture Absorbers, a desiccant produced by WM Barr

& Co., Inc. to facilitate complete drying. The DasRd Moisture Absorbers contain calcium

chloride, sodium chloride, and potassiahtoride for desiccation.

The samples were placed in the desiccator to remove excess moisture that would cause
fluctuations in measurements during massing. Three days later, the samplesma&ssee to

confirm that the mass fluctuations were no lorymrurring and then prepared for photographing
and massing. The filters were removed from the petri dishes and placed on natural fiber colored
paper made by Creatology and purchased at Michaels Stores, Inc. in order to minimize
contamination while providingnough contrast for clear photographs. Fibers were handled
carefully to avoid loss and cross contamination. Precautionary steps included the use of natural
fiber lab coats by all individuals involved in processing and the implementation of natural fiber
brushes to ensuanyfibersonthe petri dish were transferred onto the corresponding filter. The
filters were placed next to a ruler on the paper and photographed using a tripod mounted digital
SLR camera (Nikon D3200).

The filters were then transferréala precleaned lab table to be folded. The filters were folded
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twice horizontally using gloves and clean forcefise folded filters were transferred with

forceps into pranassed and prelabeled Celltreat polypropylene 50 mL centrifuge Edogts.

tube wa capped and massed on a Mettler Toledo AB3 @é&lance, located at the Bren School

of Environmental Science & Management, readable to 0.1mg.Each sample was massed twice. If
the recorded masses were not within 0.5 mg of each other, then the sampleaseetagtle to

let static discharge and-reassed at a later time.

ImageJ (Image Processing and Analysis in Java version 1.49) was used to determine the area of
the filters. Images captured during the massing stage were input into ImageJ, and thelthreshol
color tool was used to isolate the filters from the colored paper background. ImageJ calculated
the area of the filters using the ruler placed into the images as a scale reference (Figure 5.3).

Figure 5.3.Example of ImageJ threshold measuremm@mnt the Togoad 333um blank. Areas were
calculated in two parts to isolate both the black marker lines and white filter. Scale was set with the 15
mm ruler at the bottom of each image.
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A reference masto-area ratio was established with ImageJ fohezdhe control filters (Front

|l oad 20dm,adFr38dtom,d TP®g A,0 aadn d3 3T3cepn) . Bet ween f
massar ea ratios were relatively close (~1% di ff
so they were averaged togethertoase t he reference densfand es. 20
333e¢m: 0 .20He2atios yerecapplied to the measured area of each sample to obtain the
mass of each filter (Equation 1).

1) T+vvll »<grt Evogit <=rpill

The calculated filter mass was then subtracted from the total sample mass, resulting in the fiber
mass shedding on each of the filters (Equation 2).

2) vl tm>Y @ yO—bgy J+vel

In order to account for the differences in volume of the two washing machine types, this mass
was multiplied by the ratio of total volume (136 L for #mad machines and 36 L for frelaad
machines) to filtered volum@ L) to obtain the total fiber mass on each filter. The total fiber

mass per wash from each apparel item was foun
each trial (Equation 3).
(3) 1 «Fufthdey HO7 fhPyy HO7 fHh+b gy

Due to some residual washing machine contamination, slight wrinkling on the blank filters, and
possible measurement error, 18 filter masses were negative (Figure 5.4). Only one of these
values appeared to be a strongieuthmong the others (Patagonia B, trial 1, New,-lbay), so

it was dropped while all other negative fiber mdatawere set to O for analyses.

Figure 5.4 Image of wrinkle and contamination that may contribute to error in area and mass
measurementsf each sample.
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5.3 Data Methodology
Data were analyzed using R 3.2.3 and Excel 2013 software.

Statistical comparisons of fiber mass were conducted to determine whether the two treatment
types (washing machine load type and age) had significant ingraatedian shedding of the

jackets. Due to the nemormal distribution of fiber masses, nhonparametric tests were used to
compare these treatments (Wilcoxsignedrank or ManAWh i t ney U; U = 0.05).
the interactive effects between treatmenthieméxplaindifferences between treatmendtsving

fiber mass shedding on the filters.

Variations across jacket types were also tested, providing insight on the significance of jacket
construction and material on the shedding of synthetic fibers. Dueatb sample sizes and
negative mass values, therdmla s ed Kruskal Wallis test (U = 0.
significance. For a further description of the statistical tests used, assumptions, and citations, see
the data analysis appendix (AppendixBA

5.4 Model Methodology

Using data from our literature review, a model was created to calculate the count and mass of
microfibers entering the environment after the WWTP process. Considering the diverse range of
wastewater treatment quality around the world, high anedioluting plants were selected to

identify a range of pollution scenarios. Plants in Viikinmaki, Finland, and St. Petersburg, Russia,
were specifically used to model the transport of microfibers through the wastewater treatment
process (Talvitie & Heinonen, 201 #alvitie et al., 2015). The Viiknmaki WWTP, with a

filtration rate of 92%, was treated as a ipalluting WWTP, (Talvitie et al., 2015), and the St.
Petersburg WWTP, with a filtration rate of 65%, was treated as gooighting WWTP (Talvitie

& Heinonen,2014).

Then, to convert the count data (number of fibetsinto mass based concentrations (miy/ra
decitex (a measure of linear density) of 0.03 mg/mm was used (Mepex, 2014). An average fiber
size of 0.7mm was chosen based on the lower bound ofrir0@&he smallest size filtered) and

the upper bound of 5 mm (the largest microfiber). This process was also used to convert mass
data into number of fibers shed (Equation 4).

4) Microfiber Concentrations (mg/rf) = decitex (mg/mm)*
length of fiber (mm/fiber)*fibers/m?

The data outlined above was used to calculate the concentrations of microfibers in a model
WWTPG6s influent, effluent, and sewage sludge
assumed that 92.5% of fibers removed in the WWTP psesesere retained in sewage sludge
(Talvitie et al., 2015).
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6. Results
6.1 Treatment Effects

6.1.1 Washing Machine Load Type

Fiber mass captured in Freload and Togoad washing machine samples were compared to
determine if washing machine type hadimpact on shedding (Figure 6.1). A Maihitney U
test found that median fiber mass of Tlopd wash samples (median = 2574.6 mg, n = 39) was
significantly larger than Frordbad wash samples (median = 536.7 mg, n = 30; Z=6.60, p <
0.001). This diffeence amounted to Tdpad treatment samples haviagproximately30%

more fiber mass than Freltad samples across all garmeosaverage

Figure 6.1 Jackets washed in tdpad machines shedughly 4306 more
fiber mass.
4000+
3000+
g
% 2000+
z
1000+
D_
Front-loald (n=30) Top-loatli (n=39)
Average combined fiber mass shedding per wash for all trials by-ah{n
= 30) and Togoad (n = 39) washing machines. Error barstapaestandard
deviation.
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6.1.2 Jacket Aging

New and Aged treatment trials were compared to determine the effect of aging on jacket
shedding (Figure 6.2Dn average, aged jackets slaggroximatelyB0% more than new jackets.

A Wilcoxon-Signed Rank test was performed to test the median fiber reletsejackets

before and after simulated aging. The median fiber mass release of Aged jackets (median =
2523.7 mg, n = 34) was significantly larger than New jackets (median = 1126.1 mg,n=34; Z =
3.98, p < 0.001). Visual inspection of the jackets dftersimulated aging process identified
fraying (in Jacket E in particulanvhich may be related to the increased jacket shedding after
aging treatment.

Figure 6.2 Aged jackets shemughly80% more fiber mass than New.

4000

3000 -

2000

Average Mass (mg)

10001

New (n=34) Aged (n=34)

Average combined fiber mass shedding per wash for all trials by new
treatment (n = 34) and aged treatment (n =B#&pr bars are: one standard
deviation.
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6.1.3 Jacket Aging and Washing Machine Load Type

To further explore the effects tkatment type on fiber magshedding was compared among

four combinations of treatments: New jacket Frlmad wash, Aged jacket Froldad wash,

New jacket Topoad wash, and Aged jacket T¢gad wash (Figure 6.3). MafWhitney-U tests
revealed that anmg New treatment garments, Fgad (median = 1773.8 mg, n = 19) and
Frontload samples (median = 210.9 mg, n = 15) had significantly different medians (Z = 4.29, p
< 0.001). This significant difference also held true comparing washing machine typedor age
jackets as well (Z = 6.08, p < 0.001).

Figure 6.3 Fiber mass shed per jacket based on washing machine and a
treatment combinations.

4000 -
3000
Age and Load
22 E= new Front
E
o EI Aged Front
w
£ 2000- B3 New Top
EI Aged Top

10001

| we T

Front-load (f\jew vs Aged) Top-load (Nlew vs Aged)

Total fiber mass shedding per wash for load and aging treatment
combinations. Lighter boxes indicate aged samples. Medians are indicat
black lines and means are shown as red lines. Outliers are represented
black points.

In regards to aging between the two washing machine types, a Wit&igoed Rank test found
a significant difference in median fiber mass shed per garment Hoédpnachines between
New (median = 1773.8 mg, n = 19) and Aged jackets (median = 3465.4m§;rZ = 3.46, p <
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0.001) but Frontoad machines did not have this same significant difference in aging treatment
(Z=1.24 p =0.107). This may indicate that the aging process has more of an influence on
shedding in Togoad washing machines than Fréoad washing machines. To further test this
possible effect, a Muhivay ANOVA was conducted on the interaction of age anshina

machine type with jacket type, age, and load included as covariates, finding a significant
interaction between the two treatment types on fiber mass B{iBd«17.43, p < 0.001
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6.2 Jacket Comparisons

6.2.1 Average Shedding

Shedding betweeraeh jacket type was compared by analyzing the median masses from all trials
and between different treatment types (Figure 6.4). A KreMlallis test with poshoc analysis

(if significant) was performed to compare the effect of jacket type on fiber sigeddioss the

five jacket types between aging and washing machine type treatments. Median fiber mass
bet ween jacket types did ncdt358ipE=D47)norsniAged,i f i ca
New, and Todoad treatment. In Frodbad washing rachines, however, median fiber mass

di ffered s°F§orB2; p+ 085). Pdsiyc arfalysis revealed that the Budget jacket

had significantly different median shedding than the Patagonia C jacket. Compared across all
other jackets in FroAbad washing treatment, this amounted to Budget shedding an average of
about 96200% more than all Patagonia jackets. In oad samples, although Budget jacket

shed the most, it only shed an averagabmut10-40% more than all other jackets.

Average jacket shedding for all 14 trials.

4000

3000 I

2000+

Average Mass (mg)

10004

Patagonia A Patagonia B Patagonia C Patagonia D . Budget

Average total fiber shedding per wash for all 14 trials of each tested jack
From left to right jacket averages displayed are Patagonia A, B, C, and [
well as Budget. Error bars ateone standard deviation.
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6.2.2 Normalized Jacket Averages

Jacket fiber mass shed was normalized by the original mass of the garment to obtain the percent
of jacket mass shed as microfibers. This normalization may provide further understanding of
how thematerial and construction of each jacket specifically contributes to fiber shedding across
treatment types (Table 6.1). After normalizatinuskalWallis tests were conducted as before.
None of the jackets across any treatment grouping were significhffiirent from each other (p

> 0.05), suggesting that the amount of matenay contribute to fiber sheddirf@jable 6.2).

Normalized percent total fiber mass shed by each jacket type for
different combinations of wash trials by age and machine type.

Load type, age| Patagonia A | Patagonia B| Patagonia C | Patagonia D Budget
New Top (mg) 0.580% 0.392% 0.357% 0.248% 0.368%
New Front (mg) 0.046% 0.062% 0.007% 0.045% 0.216%
Aged Top (mg)| 0.874% 0.501% 0.771% 0.605% 0.785%
Aged Front 0.206% 0.096% 0.145% 0.090% 0.117%
(mg)

Average fiber mass shed by each jacket type for different combing
of treatmentypes of aging and washing machine type.

Load type, age| Patagonia A | Patagonia B| Patagonia C | Patagonia D Budget
New Top (mg) 2234.3 2077.8 1396.7 1452.6 2015.1
New Front (mg) 175.9 328.7 26.0 262.0 1179.7
Aged Top (mg) 3365.9 2656.7 3013.8 3544.0 4291.8
Aged Front 792.5 509.2 568.4 529.5 638.3
(mg)
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6.3 Fiber Size Capture

6.3.10verview

Fiber size is a characteristic of particular
ecological impact. The accumulation of fibers smaller thanu@3& clumped pills may result

in the collection of small fibers on the larger mesh d$kagardless, these two mesh sizes give

some insight into thepproximatesize of shed fiber€Comparison of these fiber sizes gives us

insight into the characteristics of shedding by the jadlketgire 7.7).

Median fiber mass per garment for @0 (median = 304.7 mg, n = 69) and 333 (1048.1 mg,
n = 69) mesh sizes were compared with a Wilcoxon Sifeetk test. Median fiber mass was
found to be significantarger on 3331m meshes than on 20n meshes for paired filte(g =
5.73 p< 0.001).

Figure 6.5 Approximately 125% more fiber mass shed onto gdilters
than 20um filters.

= Mean

= Median
40001

3000+

Mass (mg)

20001

1000+

U 4 |

20 um 333 um

Fiber mass shed per garment for all trials on 20 pregnand 333 pm
(n=69) mesh sizes. Black lines indicate medians and mearshavwn as red
lines. Black points represent outliers.

35



6.4 Overview of Results

Comparing average fiber mass shed between jackets and treatment types has provided further
insight into the effect ofvashing machine type, aging, and jacket tffigure 6.6) Notable
differences included the massive increase in jacket shetidijarketswashed in Togoad

washing machineas compared to Frotwad andhe approximate doubling of fiber shedding

after aging. In additiorshedding between jacket types variedaly, rangingrom 1386.8 mg to
2191.5 mgon averageFurther research and analysis of themgablesmay help clarify

relationships and provide better understanding of their influence on jacket shedding.

Figure 6.6 Effects of all treatments on microfiber shedding.
Front Top
4000
3000
@ =
2000 o v |2
s Fix
51000 v
£
@ ° o A
s 0 hd
z v
@ 4000
g A
<L @

30004 <+

paby
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1000+

@ Patagonia A O Patagonia B 4 Patagonia C £ PatagoniaD ¥ BudgetD

Effect of load type and age on average fiber mass shed per garment for
all jacket types.Redcircles represent Patagonia A, Green squares Patag
B, orangediamonds Patagonia @ellow triangles Patagonia D, aibtlie
triangles Budget
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6.5 Model Results

A model was created in order to contextualize the fate of microfibers shed from Patagonia
jackets. This model was based on data from four WWTP studies. Apblghing plant with a
microfiber filtration rate of 65% and a Iepolluting plant with a microber filtration rate of

92% were modeled. We modeled the resulting mass of microfibers from washing 100,000
Patagonia jackets one time, which would result in the release of 170 kg of microfibers into the
sewage system (Table 6.3). Depending on the effextsgeof filtration, between 17 kg and 59

kg of microfibers are released in WWTP effluent into aquatic environments. Assuming an
average fiber size of 0.7 mm, this is approximately 27,000,000 to 119,000,000 microfibers
entering rivers, streams, and oceans.

Table 6.3 Resulting mass of microfibers (kg) in the WWTP system from washi
Patagonia jackets.
Jackets Washed| Microfiber Mass Microfiber mass in
Entering (kg) Effluent (kg)
High-polluting 100,000 170 59
Low-polluting 100,000 170 17
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In addition to modeling the mass of microfibers released by washing Patagonia jackets, the
overall mass (from Patagonia and ffleatagonia sources) of microfibers released by 100,000
pemle per day was modeled (Tabl&)6 Based on a sewage discharge r&@.45 n? per person

per day, 100,000 people release between 170 kg and 441 kg of microfibers per day with 144 kg
265 kg of microfibers retained in sewage sludge. This resut&gn 110 kg of microfibers

being discharged in WWTP effluent daily.

Table 6.4 Mass of Microfibers (kg) released per day for 100,000 people
Microfiber Removed | Microfiber Mass | Microfiber
Mass Entering | Microfiber |in Sewage Sludgg mass in
(kg) Mass (kg) (kg) Effluent (kg)
High-polluting 441 286 265 110
Low-polluting 170 156 144 9
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7. Discussion

7.1 Literature Review

The review of current research on microplastics and microfibers indicated multiple ways in

which these synthetic particles can pervade aquatic habitats and pose potential risks to organisms
andhumans. There is also evidence of terrestrial and atmospheric contamination. With the vast
majority of clothes containing some form of synthetic material, it is important to understand the
release of microfibers and the potential human and ecologicatisifpam this pollutant.

Textiles used in the manufacturing of garments are often processed with hazardous chemicals
throughout production and finishinghis is especially true for Patagonia products, which are
designed to withstand extreme outdoor ctads. When the fibers from these garments are

shed, so too are these coatings, and they both enter WWTPs in large volumes. However, it is not
known whether these hazardous substances enter WWTPs attached to the fibers or whether they
are washed off durinthe shedding process. While current research has not been able to clarify
this process, we hypothesize that microfibers serve as a mode of transport for these chemicals
into the marine environment. Further research should focus on the fate and tranbese o

chemicals and their potential impacts on humans.

The literature review also found that massive quantities of fibers are entering WWTPs on a daily
basis. Even though WWTPs are generally very effective at removing these microfibers, the sheer
volumefound in influent indicates that the small percentage getting through filtration is still
substantial. Furthermore, even those fibers that are removed through the treatment process can
persist in sewage sludge that is often applied to agriculture. Mahgs# sewagsludge fibers

will ultimately end up in lakes, rivers, and oceans via runoff. Given their current capacity to
remove fibers from influent, improved WWTP technology would likely be a costly and

ineffective approach to mitigating the volumenaitrofibers entering the environment.

Additionally, updating technology is not a reasonable recommendation for countries without
WWTP infrastructure.

Review of microfiber distributions indicated the pervasiveness of microfibers throughout
freshwater andnarine environments. Rivers are often the entry point for microfibers via WWTP
effluent and, from there, microfibers are then distributed to lakes, reservoirs, and the ocean.
Because of their tendency to be negatively buoyant, most fibers are foundmersisgli

especially along coastal zones and shorelines near human populBtiemsnnipresence of
microfibers in the environment indicates the severity of microfiber pollution and the potential for
widespread impacts.

Fibers not trapped in sediments areofdistributed throughout the water column and across the
water surface via currents and wind. This characteristic is of particular concern as microfibers

39



become a vehicle for introducing bacteria and sorbed compounds into new environments.
Additionally, the size and characteristics of microfibers results in their consumption by a variety
of aquatic organisms, including species that are consumed by humans. Trophic transfer of
microfibers has been confirmed, indicating a pathway to humans from contanfowted

sources, the impacts of which are not wkelbwn.

The comprehensive review of the current literature indicates that while we do know that
microfiber pollution is widespread in the environment, the ultimate impacts of this pollutant are
unclear. Eviegnce of consumption by humans indicates the need for further research on
microfibers as a potentially hazardous substance.

7.2 Wash Experiments

Previous studies have found that 40 mg or more of microfibers are shed from washing jackets
(Browne et al., @11). This study found betwe@é mg to4,300mg of microfibers are shed per
wash depending on wash treatment, garment age, and jacket type.

7.2.1Top vs.Front-load

We have demonstrated how washing machine type and garment age can impact microfiber
shedding. The experiment showed thattdpeloadwashing machine produced greater masses of
shed microfibers than tifeont-load machine. These differences in sheddingveen theiop-
loadandfront-load are informative but not conclusive. Ttog-loadwasher we used has a

central agitator, the mechanical action of which could have caused the increased concentrations
of fibers found. Additionallytop-loadmachines typicayl use more water thdront-load
machineswhich could also affect shedding. For the experiments, the run time toptload

(30 minutes) mehine was longer than for fretdad (20 minutes).

In comparingop-loadwashers tdront-load washersuture research should focus on

comparisons afop-load machines with and without a central agitator, the effect of wash/dry spin
cycle time, and the impact of the volume of water used in the wash cycle. The impacts of water
temperature, detergent type, and ratdram spin should also be assessed in future wash
experiments. The volume of clothes being washed is another variable that should be considered
as larger loads could reduce the amount of contact with the central agitator inlietapd

the drum in théront-load

7.2.2New vs. Aged jackets

Since Patagonia jackets are often purchased for rigorous outdoor activity, the impact of wear on
shedding is articularlyrelevant metric. The wash experiments showed that aging jackets
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increases microfibeshedding, a logical outcome considering fibers get damaged and weakened
through regular use. For the aged tests, we assumed thatlthe 24r A ki | | er washo w
appropriate simulation; however, other forms of simulated aging should be explored.

Another hformative next step would be to analyze the types of fibers coming off of the jackets,
i.e. nylon, polyester, rayon, or others, to assess how different materials age. It would also help
identify whether jackets with a composition like ®&tagonia Aareshedding fibers from the

jacket shell or from insulation. The effects of stitch type and jacket construction could also
provide insight into how to best structure jacketsvithstand aging

7.2.3Fiber size

We assessed the distribution of fiber siz¢hie washing machine effluent. The literature review
indicated that larger fibers are more likely to be captured by the wastewater treatment process.
These findings indicate larger fibers would be more likely to end up in sewage sludge while
smaller fibes would likely be discharged in WWTP effluent. The size distribution of fibers

could inform garment construction by indicating which garment compositions tend to shed a
particular fiber size. Conceivably, if issues in applying sewage sludge as feviiizer

reconciled, materials that shed larger fibers would be preferable. Further wash experiments
should test material compositions for patterns in fiber size.

7.2.4Jacket type

We have shown there are differences in microfiber shedding among the fayoriPajackets

and the Budget D jacket. Shedding from the Budget D jacket was consistently higher than its
Patagonia style and performance counterpart, which could indicate the importance of textile
composition and garment construction in microfiber shegidim interesting result was the

rel atively high s Apdke.Waeaxpedtad beretypgatkatgsoan asahe s
Patagonia B and @ have higher rates of shedding based on their loose fibers, which are more
readily exposed to causes otfion such as the central agitator of a-bo@d washing machine.
Conversely, we assumed a tightly woven material such as thaPusdda g o consauctidrdo s
would produce lesser quantities of microfibers. However, our results demonstrated that
PatagoniaA 6 total mass of shed fibers was greater than botRadtegonia B and .G\s

discussed previously, shedding of insulation could occur witRP#t@gonia Aand account for

this counterintuitive outcome. Further testing should be conducted with largeessrgs and
different jacket styles and compositidmslp clarify their differences in shedding

7.2 5Interactions

As discussed previously, jackets washed indpdoadwashing machine shed more microfibers
than the jackets washed in thent-loadwashing machine. In addition, the size of fibers shed
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was different between washing machine types. Irirthé-load, larger fibers were more
predominantly shed, while theweere a greater proportion of small fibstsed in theéop-load

This is a notable result given smaller fibers are more likely to escape WWTP filtration and enter
aguatic habitats. Furthermore, the high suHai@a to mass ratio of these smaller fibaekes

them more dangerous to the environment in terns®bing toxic pollutants. The change in

fiber size distribution could potentially result from the central agitator itojreoadwashing

machine we used. This interaction should be an area of further research.

7.2.5Moving Forward

The results are informativegarding the impacts of washing machine type and age on shedding.
Future research should study the effect of different textile compositions, garment construction,
and washing characteristics (such as water temperature, detergent, and wash cycle)ibemicrof
shedding.

7.3WWTP Model

The filtration rate of a wastewater treatment plant has a significant effect on the quantity of
microfibers released into the local aquatic or terrestrial environment. Depending on the quality of
filtration, if 100,000 jackets are washed, between 13 ariay@d microfibers could be released

into the environment. This is the mass equivalent of 2,700900 plastic grocery bagkl0to

157kg of what is not directly released into the environment is retained in sewage sludge.
Considering that biosolids frosewage are now commonly being applied to agricultural fields,

the terrestrial environment could be a significantly large sink for microplastics. There, they may
be ingested by small organisms such as worms, affect microbial communities, or transfer into
local aquatic environments via runoff.

Based on Patagoniab6s 2013 r eBloenbergeBusnés2dP),pr ox i m
if 50% of that revenue comes from outdoor jackets and 35% of those are made of polyester, then
approximately 503,125 Patagarpolyester jackets were sold in 2013 albne.

Amount of 2013 Patagonia polyester jackets sold = ((0.50) = ($575 million) = (0.35))/$200

Using these estimates, we believe that 100,000 is a very conservative fraction of the Patagonia
jackets washed per year. Therefore, to better understand the scale of microfiber release, we also
modeled the mass of fibers released by 100,000 individuate. e found that betwe@&uand
110 kg of microfibers are released in effluent per day.

!Based on an average price tag of $200 per jacket.

42



From a global perspective, this is a concerning issue. A significantly larger portion of the
population resides on the coastlines of northern hemisphere countrisgleZimg that many of

these nations are wealthier and mildly colder, sales of synthetic fleece jackets would presumably
be higher in these regions. As these jackets are washed and aged over time, shedding will release
microfibers through northern wastewateeatment plants. From there, they will be dispersed into
local aquatic environments where they sink through the water column and settle ceaeep

beds or intertidal shorelines. Heavy concentrations of microfibers (sometimes up to 40 fibers per
50 mL d sediment) have already been discovered in sediment profiles in the Northern Pacific

and Atlantic, and we can expect to find more as synthetic textile production increases globally.

8. Conclusion

This study highlights current research regarding microfiber pollution and analyzes the impacts of
two variables on microfiber shedding: garment age and washing machine type. Results show that
aged jackets and those washed inttipdoadwashing machine g higher masses of fibers

than new jackets and jackets washed irftbiet-load machine. Higher shedding in aged jackets

is most likely due to the weakening of fibers as a result of wear, and higher shedding from the
top-load washing machine is likely infenced by the central agitator found in these appliances.
These results were significant; however, several other variables were identified that could affect
shedding and should be evaluated further including water temperature, cycle length, and
detergentype. Future work should also evaluate differences in shedding between traditioenal top
load machines with a central agitator (like the one used in this study) andfficggncy top

load washers that do not have a central agitator.

The review of currentesearch revealed several knowledge gaps in regards to the potential
environmental and human health impacts of microfibers. While many studies have found
microfibers present in a variety of ecosystems and organisms, only a handful of studies have
attemptedo assess the ecological or physiological consequences. Those that have explored the
health impacts of microfibers have found both physical and chemical impacts in the form of
altered habitat characteristics and reproductive disturbances in some organisms

The impacts of microfibers are, based on the literature, similar to microbeads in terms of
potential harm. However, the regulatory strategies being implemented to eliminate the use of
plastic microbeads are not viable solutions to the microfiber prolitéminating microbeads

from cosmetic products is possible given viable natural alternatives that provide the same
function. Unfortunately, there are no current alternatives to synthetic materials that provide the
same performance qualities so mitigatadmmicrofiber pollution is a more reasonable approach
than outright bansAlthough this study only assessed five jackets, it is important to note that
microfiber pollution stems from the apparel industry as a whole and any actions towards
reducing microfilers in the environment will need to be pursued industde. Studies like this
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one provide valuable insight to the apparel industry regarding their contributions to microfiber
pollution, which can lead to more informed decisions to reduce microfiberiagddam their
products.
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Appendix
Al. WashProtocol

Aim: To quantify number of fibers shed from four types of Patagonia jackets when they are
brand new and after a lifetime of laundering.

Materials and equipment required: 333 um mesh, 20 um mesh, four of each jacket type, washing
machine outletonnecting pipe, 60 gallon rain barrel, filtration column, petri plates, large beaker,
washing machine (WET3300XQ1), laundering machine (washing machine with continuous
agitation), weighing scale

Material specifications:
Top-loadwashing:
Collection ugng flexible PVC pool pipe
Output water stored in black rain barrel (polyethylene)

Frontloadwashing:
Collection using a large office file storage container (polyethylene)

Blank filter collection:
Jacket wash was followed by an empty wash follotwednother empty wash during
which the blank filters were collected

Rinsing procedure:
Collection equipment was rinsed with water between each wash

Washing order:
All jackets were washed intap-load machine first, followed by th&#ont-load machires.
Each jacket within the 5 styles was numbered and washed in order (e.g. Patagonia Al,
A2, A3, etc.) before moving on to the next jacket style.

Calculations and settings:

1. Each jacket is washed separately and the effluent is filtered through twairesh
Number of jacket types = X
Number of each jacket type =Y
Number of 333 pm filters = 2*X*Y
Number of 20 um filters = 2*X*Y
Number of peirplates = 4*X*Y

50






